Background
==========

It is well known that cancer cells have a perturbed metabolism and preferentially undergo glycolysis instead of oxidative phosphorylation. A hypoxic tumor microenvironment activates transcription of the hypoxia-inducible factor (HIF) α/β heterodimer, which binds to hypoxia response elements in target genes and results in the promotion of angiogenesis, cell survival, and a glycolytic metabolism.[@b1-hp-5-061] HIF-1α expression has been correlated with increased mortality among patients with cancer,[@b2-hp-5-061] including those with colorectal cancer (CRC).[@b3-hp-5-061]

Despite significant progress in the field, it is still unclear why glycolysis is favored in malignant as opposed to healthy tissue. It is postulated that conversion of a lactate by-product into energy-rich glucose may offer a survival advantage and fuel malignant growth.[@b4-hp-5-061] Furthermore, glycolytic intermediates are used to produce fatty acids and nonessential amino acids, which support their high proliferation rate.[@b5-hp-5-061] This unique dependence on macromolecule synthesis and glucose/pyruvate flux, rather than adenosine triphosphate production, is often labeled as the "achilles heel" of cancer cells.[@b4-hp-5-061]

Metabolomic signatures of CRC have been investigated by measuring metabolites in tumor tissue,[@b6-hp-5-061]--[@b9-hp-5-061] as well as in the blood, urine, and feces of patients.[@b10-hp-5-061]--[@b14-hp-5-061] As outlined in two recent reviews, the types of metabolites tested in such studies vary and have included amino acids, lipids, as well as small molecule intermediates of glycolysis and the tricarboxylic acid (TCA) cycle.[@b12-hp-5-061],[@b13-hp-5-061] In one of the larger and more rigorous studies, increases in pyruvate and decreases in fumarate were detected in patients with CRC compared with healthy controls, suggesting an upregulation of glycolysis and downregulation of the TCA cycle in CRC.[@b15-hp-5-061] Unfortunately, most metabolomic studies have been conducted using complex analytical platforms such as gas chromatography--mass spectrometry (GC/MS), liquid chromatography--mass spectrometry (LC/MS), tandem mass spectrometry, nuclear magnetic resonance spectroscopy as well as other platforms that are not available in day-to-day clinical practice.[@b13-hp-5-061] Hence, we attempted to identify a commercially available glycolytic biomarker in the blood and urine of patients with metastatic CRC (mCRC).

We strategically investigated conversion products of pyruvate ([Figure 1](#f1-hp-5-061){ref-type="fig"}), many of which are more metabolically stable and easily measurable. It is well known that pyruvate is converted to alanine and α-ketoglutarate via transamination to acetyl-CoA and citrate in the citric acid cycle, and that its fermentation results in lactate formation. Other by-products such as oxaloacetate, phosphoenolpyruvate, acetyl-CoA, bicarbonate, and carbon dioxide are also produced.[@b16-hp-5-061]

In an effort to identify a cost-effective biomarker for CRC, we selected readily available assays that could be performed in most clinical laboratories. Rather than pursuing complex metabolomics profiling, we hypothesized that charged and uncharged small molecule metabolites of CRC could be detected using standard anion gap (AG) and osmolar gap tests. In addition, we performed venous blood gases (VBGs) to detect aberrations in bicarbonate and carbon dioxide levels among study participants.

Methods
=======

Twenty patients with metastatic adenocarcinoma and 20 patients with local adenocarcinoma of the colon or rectum were recruited in Hamilton, ON, Canada. The charts of patients with CRC who attended a medical oncology consultation or follow-up visit at the Juravinski Hospital and Cancer Centre (JHCC) were screened from March 2013 to November 2013. Patients attending a consultation or follow-up visit for CRC in surgical clinics at St. Joseph's Hospital were screened from July 2013 to November 2013. Exclusion criteria included resection of the primary tumor or metastasectomy with no remaining macroscopic disease, insulin-dependent diabetes, chemotherapy, or radiation therapy within 2 weeks, infection requiring antibiotics, hospitalization within 2 weeks, and creatinine clearance \<30 mL/min.

After recruitment, patients received a telephone reminder to complete their urine and blood tests, all of which were performed at recruiting hospitals. For patients with local CRC, all tests were completed prior to definitive cancer surgery. Completion rates for the majority of blood tests were very good, ranging from 63% for the AG to 83% for the calculated osmolarity. However, the adherence to 24-hour urine tests was poor; 15 of 20 patients with mCRC and 7 of 20 patients with local disease completed this test. The biggest contributors to low completion rates were, inconvenience in obtaining a 24-hour urine sample, followed by a requirement for specialized nursing to perform a venous blood draw.

Twenty-four-hour urine citrate, blood lactate, ketones, VBG, and indirect markers of small molecules, both charged (AG) and uncharged (osmolar gap), were investigated. The AG in mmol/L was calculated as follows: (AG=Na^+^ − \[Cl^−^+HCO~3~^−^\]), where Na^+^ is the sodium concentration, Cl^−^ is the chloride concentration, and HCO~3~^−^ is the bicarbonate level in the blood. In clinical practice, the AG is typically used to delineate the cause of metabolic acidosis and identify the presence of toxic alcohols, and other charged small molecules.[@b17-hp-5-061] In our study, we used the AG to probe abnormalities in cancer cell metabolism (such as derangements in lactic acid production or ketogenesis), which would theoretically result in excess production of organic acids.

The serum osmolarity in mmol/kg was calculated as follows: (osmolarity=2×\[Na^+^\] + glucose + urea\], and the osmolar gap was the difference between measured and calculated osmolarity. Although it was not included in the battery of study investigations, the alanine aminotransferase (ALT) level was also recorded if performed within 2 weeks of the study investigations. The ALT enzyme was investigated, because it catalyzes the conversion of pyruvate and glutamate to alanine and α-ketoglutarate in a reversible transamination reaction.[@b16-hp-5-061] The coefficient of variation for all measured investigations was \<7.0%.

Results of patients with mCRC were compared with 1) the local CRC cohort using two-sample *t*-tests and the equivalent nonparametric test for variables that were not normally distributed, as well as 2) the normal reference interval via proportions using SAS University Edition. Normality was assessed using the Shapiro--Wilk test, as well as histograms and Q--Q plots. Two-sided *p*-values \<0.05 were considered statistically significant. We did not prespecify a difference in laboratory values that would be considered clinically significant, but rather performed an exploratory analysis.

To further investigate the hypothesis-generating results that were obtained in our pilot study, we also retrospectively investigated plasma total CO~2~ levels in 9,539 patients between January and December 2014. Plasma total CO~2~ concentrations in our local hospital (5,931 inpatients and 1,783 outpatients) were compared with those in our dedicated cancer center (1,825 outpatients) using the Kruskal--Wallis and Conover--Iman tests. Indications for plasma total CO~2~ testing were not recorded. Furthermore, demographic information of these patients, including their age, comorbidities, presence or absence of cancer, cancer site (CRC vs. other cancer), or extent of their disease (local vs. metastatic), were not available.

The study was approved by the Hamilton Integrated Research Ethics Board and all patients gave written consent to participate.

Results
=======

Forty patients with biopsy-proven adenocarcinoma of the colon or rectum participated in our study. Their average age was 67±13 years (range 35--86); 20 had a diagnosis of metastatic CRC and 20 had local disease. The location of metastatic disease was available for 15 patients: 7 had metastases to the liver, 2 had lung metastases, 3 had both liver and lung involvement, and 4 had other sites of disease. Of 35 patients whose past medical history was documented, 4 patients (3 with metastatic and 1 with local CRC) had a history of chronic obstructive pulmonary disease. Unfortunately, due to the nature of this single-center pilot study, we were unable to rigorously match patients for possible confounding variables, including chronic respiratory conditions and/or extent of disease in the local and metastatic settings.

All participants had local or metastatic CRC at the time of their study investigations. Patients who had definitive surgery for local CRC or curative-intent surgery in the metastatic setting were excluded, so that metabolic by-products of the cancer could potentially be detected. However, it is notable that many patients with mCRC were felt to have indolent disease because they were on a break from active therapy for a time period that ranged from 2 weeks to 12 months.

The average venous pCO~2~ (50.2 mmHg \[standard deviation {SD}=9.36\]) among patients with metastatic CRC borders the upper limit of normal and is statistically higher than that of patients with local CRC (42.8 mmHg \[SD=8.98\]), *p*=0.045. Venous pCO~2~ levels were greater than the upper limit of normal in 47% (n=9/19) of patients with mCRC and 27% (n=3/11) of those with local disease. Among 24 patients without chronic lung disease, 25% of patients with local CRC (2 of 8) and 43% of those with metastatic disease (6 of 14) had an elevated venous pCO~2~. Neither of the two patients with known lung metastases had an elevated venous pCO~2~.

The calculated serum osmolarity was statistically higher among patients with metastatic CRC (median=293.0, interquartile range \[IQR\]: 290.0--296.0) when compared with those with local disease (median=290.0, IQR: 282.0--292.0), *p*=0.018. Sodium and urea values were also higher in patients with mCRC ([Table 1](#t1-hp-5-061){ref-type="table"}). The measured osmolarity, calculated osmolar gap, lactate, ALT, AG, pH, calculated bicarbonate (derived from the VBG pH and pCO~2~ results), and 24-hour urine citrate did not vary significantly between the two groups. Serum ketones were negative in all patients.

In our retrospective analysis, plasma total CO~2~ concentrations of patients in a dedicated cancer center were statistically higher than that of a general population in a local hospital ([Table 2](#t2-hp-5-061){ref-type="table"}). Among the outpatients, 13% with cancer had a total CO~2~ concentration above the upper limit of normal (\>29 mmol/L), compared with only 1% of the general hospital outpatient population (*p*\<0.0001).

Discussion
==========

The goal of this pilot study was to identify a glycolytic biomarker in the blood or urine of 40 patients with CRC. Conversion products of the metabolically unstable pyruvate, the end-product of glycolysis, were strategically assessed. In addition, the AG served as a surrogate for charged small molecules, and the osmolar gap indicated the presence of uncharged small molecules in the blood. The mean value of study investigations fell within the normal range for both the metastatic and local disease cohorts. However, the calculated osmolarity and venous pCO~2~ were significantly higher among patients with metastatic disease. Twenty-four-hour urine citrate, plasma lactate, ketones, ALT, pH, bicarbonate, and indirect markers of small charged molecules (AG) did not differ significantly between the local and metastatic cohorts.

The significance of a higher calculated serum osmolarity among patients with metastatic CRC is unclear. The serum osmolarity is calculated using sodium, urea, and glucose levels; hence, higher values among metastatic patients can be attributed to statistically higher sodium and urea levels in this cohort. While the calculated serum osmolarity is not particularly informative in isolation, a difference between the calculated and measured values (commonly referred to as the "osmolar gap") may herald the presence of uncharged small molecules in the serum. Traditionally, an elevated osmolar gap may represent ketones in patients with diabetic ketoacidosis or toxic alcohols in those who present with a suspected overdose. However, an elevated osmolar gap may be due to any uncharged small molecules, including tumor metabolites. In our pilot study, the osmolar gap was within normal limits and it did not differ significantly among the metastatic and local cohorts.

As a direct product of glycolysis, pyruvate can be metabolized into acetyl-CoA, CO~2~, and nicotinamide adenine dinucleotide (NADH) by pyruvate dehydrogenase in the mitochondria.[@b18-hp-5-061] CO~2~ readily diffuses across the plasma membrane and forms an equilibrium with H~2~CO~3~. Hence, to maintain acid--base homeostasis, intracellular hydrogen ions are transported out of the cell via Na^+^/H^+^ exchangers.[@b19-hp-5-061] Additional CO~2~ can ultimately diffuse from the extracellular space and into capillaries, where it is detected in the venous system. Therefore, the increased pCO~2~ in the blood of patients with metastatic CRC may represent an increase in glycolytic activity due to higher tumor burden. This mechanism is supported by experiments in rodents, which have demonstrated that increases in intratumor pCO~2~ can also be detected in lymphatic fluid and venous plasma, although to a lesser extent.[@b20-hp-5-061]

While an elevated pCO~2~ is postulated to be due to an increase in glycolytic activity, the underlying mechanism cannot be established in this exploratory pilot study. We carefully examined the medical records of all patients to exclude other potential causes of pCO~2~ elevation, but neither lung metastases nor chronic lung diseases could explain our findings. Furthermore, it is intriguing that cancer patients had statistically higher total CO~2~ concentrations than either the hospital inpatient or outpatient populations in our retrospective review.

It is conceivable that a greater extent of intratumoral hypoxia among patients with metastatic cancer results in pCO~2~ elevation.[@b3-hp-5-061] Unfortunately, it is difficult to prove causality because the measurement of intratumoral hypoxia is not well validated nor easily accomplished. The gold standard involves pO~2~ histography with an Eppendorf microelectrode in fresh tumor specimens. This is not feasible due to the challenge of accessing tumors intraoperatively and a lack of specialized equipment. In future correlative studies, measurement of intratumoral hypoxia via immunohistochemical staining of fresh tumor samples[@b20-hp-5-061] or noninvasive imaging methods[@b21-hp-5-061] could be considered. Assessment of disease-free and overall survival outcomes would also be warranted in future validation cohorts.

Previous studies have reported elevations in blood lactate[@b7-hp-5-061] and urine citrate[@b10-hp-5-061],[@b22-hp-5-061] in patients with CRC compared with healthy controls, neither of which was elevated in our local or metastatic study cohorts. Lactate has not been consistently elevated in metabolomic studies; in fact, in a GC/MS study of 242 patients, blood lactate levels were lower in those with CRC (n=119) compared to healthy volunteers (n=123).[@b23-hp-5-061] Although the reasons for these findings are not conclusive, it is possible that any excess lactate is quickly converted into glucose to support malignant growth.[@b4-hp-5-061] Unfortunately, our study was underpowered to detect a statistically significant difference in urine citrate between metastatic and local CRC cohorts.

Limitations of this study include a small sample size, especially for 24-hour urine citrate levels. Further, patients with metastatic disease had relatively indolent disease biology and, as required for study entry, all assessed patients in this subgroup were on a break from chemotherapy or had not yet required treatment for their low burden disease. Hence, the proposed glycolytic biomarkers are likely underestimated in this study.

The fact that our large retrospective review confirmed the results of our hypothesis-generating pilot study is intriguing. In an era of complex genomics and detection of circulating tumor DNA, it possible that a simple laboratory test, a VBG pCO~2~, or even plasma total CO~2~ could ultimately serve as a prognostic biomarker in cancer patients or aid in the early detection of metastatic disease. Given emerging therapies that target tumor metabolism, predictive value of a glycolytic biomarker is also possible.

Conclusion
==========

In our small prospective study, venous pCO~2~ levels were statistically higher among patients with metastatic CRC when compared to those with local disease. A retrospective review confirmed that patients with CRC and other malignancies have statistically higher levels of total CO~2~ than that of the general population. Hence, it is possible that this rarely measured but commercially available assay may serve as novel cancer biomarker. Future studies to validate these results are warranted, and if consistent, evaluation of venous pCO~2~ as a possible prognostic biomarker in colorectal and other cancers may be indicated.

This study was funded by the Physicians' Services Incorporated Foundation (PSI) grant.
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###### 

Differences in laboratory investigations between patients with metastatic and local CRC

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Investigations                          Reference intervals   Metastatic CRC      Local CRC                  *p*-value[\*](#tfn1-hp-5-061){ref-type="table-fn"}                                                                         
  --------------------------------------- --------------------- ------------------- -------------------------- ---------------------------------------------------- ----------------- -------------------------- ------------------------ ------------------------------------------------
  24-hour urine citrate (mmol/day)        1.6 to 6.0            13% (2/15)          4.24 (4.57)                3.25 (1.50 to 4.90)                                  0% (0/7)          2.90 (1.51)                3.00 (1.90 to 4.30)      NS[\#](#tfn2-hp-5-061){ref-type="table-fn"}

  Lactate (mmol/L)                        0.5 to 2.2            10% (2/20)          1.4 (0.6)                  1.4 (0.8 to 2.0)                                     11% (1/9)         1.2 (0.5)                  1.0 (0.9 to 1.3)         NS

  Venous pH                               7.32 to 7.42          16% (3/19), high\   7.38 (0.14)                7.35 (7.32 to 7.40)                                  0% (0/9), high\   7.36 (0.04)                7.37 (7.34 to 7.37)      NS[\#](#tfn2-hp-5-061){ref-type="table-fn"}
                                                                21% (4/19), low                                                                                     11% (1/9), low                                                        

  Venous pCO~2~ (mmHg)                    38 to 50              47% (9/19)          50.2 (9.4)                 48.0 (41.0 to 57.0)                                  27% (3/11)        42.8 (9.0)                 45.0 (37.0 to 52.0)      0.045

  Calculated HCO~3~ (mmol/L)              24 to 30              16% (3/19)          27.6 (2.5)                 27.0 (26.0 to 30.0)                                  0% (0/9)          26.0 (3.4)                 27.0 (24.0 to 29.0)      NS

  Measured serum osmolality (mmol/kg)     280 to 300            21% (4/19)          295.7 (4.6)                295.0 (292.0 to 298.0)                               0% (0/5)          292.0 (3.2)                291.0 (290.0 to 293.0)   NS

  Calculated serum osmolality (mmol/kg)   --                    --                  292.0 (5.1)                293.0 (290.0 to 296.0)                               --                283.3 (9.6)                290.0 (282.0 to 292.0)   0.018[\#](#tfn2-hp-5-061){ref-type="table-fn"}

  Osmolar gap                             \<10                  5% (1/19)           2.1 (4.0)                  1.9 (−0.4 to 3.9)                                    25% (1/5)         5.5 (6.8)                  3.5 (0.7 to 6.1)         NS

  Plasma sodium (mmol/L)                  135 to 145            0% (0/20)           140.1 (1.8)                140.0 (139.0 to 141.5)                               0% (0/16)         137.5 (3.8)                138.5 (136.0 to 140.0)   0.014[\#](#tfn2-hp-5-061){ref-type="table-fn"}

  Plasma urea (mmol/L)                    3.5 to 7.2            45% (9/20)          6.6 (2.0)                  6.7 (4.7 to 7.9)                                     13% (2/15)        5.0 (2.1)                  5.7 (2.9 to 6.5)         0.032

  Random plasma glucose (mmol/L)          3.8 to 11.0           0% (0/20)           6.2 (1.5)                  5.8 (5.1 to 7.0)                                     0% (0/14)         5.6 (0.7)                  5.8 (5.1 to 6.1)         NS[\#](#tfn2-hp-5-061){ref-type="table-fn"}

  AG                                      5 to 17               20% (3/15)          9.5 (3.3)                  8.0 (7.0 to 12.0)                                    7% (1/14)         8.3 (2.4)                  8.0 (7.0 to 10.0)        NS[\#](#tfn2-hp-5-061){ref-type="table-fn"}

  ALT (U/L)                               10 to 40              0% (0/12)           22.1 (9.6)                 20.5 (14.5 to 30.5)                                  0% (0/8)          16.0 (5.7)                 15.5 (10.5 to 21.0)      NS

  Ketones                                 --                    --                  Negative in all patients   --                                                   --                Negative in all patients   --                       --
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Two-sample *t*-tests were employed for normally distributed variables and the equivalent nonparametric (two-sample Wilcoxon) test was employed for the remaining variables. In all cases where statistically significant results were identified, the corresponding chi-square test of proportions was also statistically significant.

Not normally distributed.

**Abbreviations:** ALT, alanine aminotransferase; AG, anion gap; CRC, colorectal cancer; IQR, interquartile range; SD, standard deviation; NS, non-significant.

###### 

Values of plasma total CO~2~ in cancer patients and in the hospital inpatient and outpatient populations, from January to December 2014

                                                                            Outpatients attending cancer center (n=1,825)   Outpatient hospital, general population (n=1,783)        Inpatient hospital population (n=5,931)
  ------------------------------------------------------------------------- ----------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  Median (IQR) total CO~2~ (mmol/L)                                         27 (25 to 28)                                   24 (23 to 26)[\*](#tfn4-hp-5-061){ref-type="table-fn"}   23 (20 to 27)[\*](#tfn4-hp-5-061){ref-type="table-fn"}
  Percentage of patients with abnormally high pCO~2~ (\>29 mmol/L), n (%)   229 (13)                                        20 (1)[\*](#tfn4-hp-5-061){ref-type="table-fn"}          684 (12)
  Percentage of patients with abnormally low pCO~2~ (\<22 mmol/L), n (%)    60 (3)                                          278 (16)[\*](#tfn4-hp-5-061){ref-type="table-fn"}        2,208 (37)[\*](#tfn4-hp-5-061){ref-type="table-fn"}

**Note:**

*p*-value \<0.05 when compared with cancer center population.

**Abbreviation:** IQR, interquartile range.
